An unknown interspecies Saccharomyces hybrid, "Muri," was recently isolated from a "kveik" culture, a traditional Norwegian farmhouse brewing yeast culture (Preiss et al., 2018) . Here we used whole genome sequencing to reveal the strain as an allodiploid Saccharomyces cerevisiae × Saccharomyces uvarum hybrid. Phylogenetic analysis of its sub-genomes revealed that the S. cerevisiae and S. uvarum parent strains of Muri appear to be most closely related to English ale and Central European cider and wine strains, respectively. We then performed phenotypic analysis on a number of brewing-relevant traits in a range of S. cerevisiae, S. uvarum and hybrid strains closely related to the Muri hybrid. The Muri strain possesses a range of industrially desirable phenotypic properties, including broad temperature tolerance, good ethanol tolerance, and efficient carbohydrate use, therefore making it an interesting candidate for not only brewing applications, but potentially various other industrial fermentations, such as biofuel production and distilling. We identified the two S. cerevisiae and S. uvarum strains that were genetically and phenotypically most similar to the Muri hybrid, and then attempted to reconstruct the Muri hybrid by generating de novo interspecific hybrids between these two strains. The de novo hybrids were compared with the original Muri hybrid, and many appeared phenotypically more similar to Muri than either of the parent strains. This study introduces a novel approach to studying hybrid strains and strain development by combining genomic and phenotypic analysis to identify closely related parent strains for construction of de novo hybrids.
INTRODUCTION
Yeast has a central role in beer production and is responsible for the conversion of wort carbohydrates into ethanol and CO 2 , as well as the synthesis of flavor compounds. Beer is traditionally fermented with domesticated strains of Saccharomyces cerevisiae and Saccharomyces pastorianus . The demand from consumers for craft and specialty beers that have rich and unique aroma has increased in recent years (Aquilani et al., 2015) , which has led breweries to explore alternative yeasts. One such group of yeasts that have recently gained attention are "kveik" yeasts: a range of traditional yeast cultures that have been used and maintained by Norwegian farmhouse brewers (Garshol, 2013 (Garshol, , 2016 Fowle, 2017; Preiss et al., 2018) . The genetic and phenotypic diversity of a range of kveik strains was recently explored by Preiss et al. (2018) . The vast majority of the isolates were identified as strains of S. cerevisiae, which formed a genetically distinct group possessing properties relevant to brewing. One isolate, however, was found to be an unknown Saccharomyces interspecies hybrid. Here, we aimed to identify and characterize this hybrid strain.
The use of interspecific yeast hybrids for beer fermentation is widespread, with lager yeast, i.e., S. pastorianus, being used for the majority of global beer production. This S. cerevisiae × Saccharomyces eubayanus hybrid combines the efficient wort sugar utilization of the S. cerevisiae parent with the cold tolerance of the S. eubayanus parent (Gibson and Liti, 2015) . Interspecific hybridization not only allows for the combination of phenotypic traits from diverse parent strains, but hybrids often exhibit superior phenotypic qualities relative to parent strains, i.e., heterosis or hybrid vigor. The relatively harsh and stressful environment that yeast is exposed to during beer fermentation may have selected for interspecific hybrids, which have been shown to exhibit increased stress tolerance (Lopandic, 2018) . In addition to the lager yeast, several other natural interspecific Saccharomyces hybrids have been isolated in brewing environments. Hybrids between S. cerevisiae and Saccharomyces kudriavzevii are used for the fermentation of several Belgian Trappist beers (González et al., 2008) , while Saccharomyces bayanus (S. eubayanus × S. uvarum) hybrids have been isolated as contaminants from beer (Rainieri et al., 2006; Nguyen et al., 2011) . Natural hybrids between S. cerevisiae and S. uvarum are also used in winemaking (Christine et al., 2007) , but limited reports exist describing use of such hybrids in brewing.
In addition to natural Saccharomyces hybrids, de novo interspecific Saccharomyces hybrids can also readily be generated. These have been studied for their potential in a range of industrial applications, including biofuel production Peris et al., 2017) , brewing (Krogerus et al., 2015; Mertens et al., 2015) and winemaking (Bellon et al., 2011; Origone et al., 2018) . De novo hybrids have exhibited various improved traits compared to their parent strains, including faster fermentation rates, more complete sugar use, greater stress tolerance, and increases in aroma compound production (Bellon et al., 2011; Dunn et al., 2013; Steensels et al., 2014a; Krogerus et al., 2015; Mertens et al., 2015; Snoek et al., 2015) . For brewing, much of the recent research has focused on the generation and characterization of new lager yeast, i.e., S. cerevisiae × S. eubayanus, hybrids (Hebly et al., 2015; Krogerus et al., 2015 Krogerus et al., , 2016 Krogerus et al., , 2017 Krogerus et al., , 2018 Mertens et al., 2015; Alexander et al., 2016) . However, alternative Saccharomyces interspecific hybrid combinations have also shown promise in brewing conditions (Sato et al., 2002; Nikulin et al., 2018) . In addition to their industrial applications, de novo hybrids have also acted as useful models for studying adaptation and molding of hybrid genomes (Dunn et al., 2013; Peris et al., 2017; Smukowski Heil et al., 2017; Krogerus et al., 2018) . Such studies could be useful for lager yeast in particular, as much of their natural evolutionary history still remains obscure despite their industrial importance (Baker et al., 2015; Okuno et al., 2015) .
Recent whole genome sequencing studies have revealed multiple domestication events for S. cerevisiae (Gallone et al., 2016; Gonçalves et al., 2016; Peter et al., 2018) . Commercially used brewing strains, for example, tend to cluster into one of two independently domesticated 'Beer' groups. While these studies have focused on S. cerevisiae, and limited data on interspecific Saccharomyces hybrids is available, Gonçalves et al. (2016) also revealed that the S. cerevisiae sub-genomes of lager yeasts group among the "Beer 1" or "Ale beer" yeasts. However, no single strain has yet been identified as the potential S. cerevisiae ale parent of lager yeast (Monerawela and Bond, 2018) . In addition to providing valuable data on the diversity and history of brewing strains, whole genome sequence data, in combination with comprehensive phenotype data, are valuable resources for parent selection during breeding and hybridization. Gallone et al. (2016) demonstrated how a strain lacking phenolic off-flavor (POF) formation could be obtained through mating of parent strains carrying heterozygous loss-of-function polymorphisms in FDC1. Heterosis has also been shown to be positively correlated with sequence divergence during breeding of domesticated strains (Plech et al., 2014) .
Recently, Preiss et al. (2018) described the isolation of an unknown Saccharomyces interspecies hybrid, i.e., the Muri strain, from a Norwegian farmhouse brewing (kveik) culture. This strain was identified as a S. bayanus-type hybrid based on internally transcribed spacer (ITS) sequencing. Here we aimed to identify, characterize, and ultimately reconstruct this hybrid. Whole genome sequencing was used to reveal the strain as an allodiploid S. cerevisiae × S. uvarum hybrid. We then performed phylogenetic analysis of its sub-genomes, in an attempt to identify S. cerevisiae and S. uvarum strains closely related to the parent strains of Muri. In addition, we compared a number of brewingrelevant phenotypic traits in S. cerevisiae, S. uvarum and hybrid strains closely related to the Muri hybrid. These data were used to identify two S. cerevisiae and S. uvarum strains that were genetically and phenotypically most similar to the Muri hybrid. We then attempted to reconstruct the Muri hybrid by generating de novo interspecific hybrids between these two strains. The de novo hybrids were compared with the original Muri hybrid, and appeared phenotypically more similar to Muri than either of the parent strains. This study introduces a novel approach to studying hybrid strains and strain development by combining genomic and phenotypic analysis to identify closely related parent strains for construction of de novo hybrids.
MATERIALS AND METHODS

Yeast Strains
A list of strains used in this study can be found in Table 1 . The de novo yeast hybrids between S. cerevisiae A241 and S. uvarum C995 were constructed by spore-to-spore mating as described previously (Krogerus et al., 2016) . Potential hybrids were first identified by the ability to both grow at 37 • C (S. cerevisiaespecific) and form blue-colored colonies (S. uvarum-specific) when grown in the presence of X-α-Gal (#16555 SigmaAldrich). Single cell isolates of potential hybrids were obtained by re-streaking single colonies three times on YP-Glucose agar. Hybrid status was confirmed through PCR using species-specific (S. cerevisiae and S. uvarum) primers (Muir et al., 2011; Pengelly and Wheals, 2013 ) and ITS-PCR followed by HaeIII digestion (Pham et al., 2011) . The ploidy of the Muri strain was determined by flow cytometry as described previously .
Growth Assays
Growth of the yeast strains at various temperatures (4, 12, 37, and 40 • C) was tested on YP-Glucose agar plates. Overnight precultures of all the strains were grown in YP-Glucose at 25 • C. The yeast was then pelleted and resuspended in 50 mM citrate buffer (pH 7.2) to deflocculate the yeast. The cell concentration was measured with a NucleoCounter YC-100 (ChemoMetec, Denmark), after which suspensions were diluted to contain approximately 10 5 , 10 4 , and 10 3 cells ml −1 . Five-microliter aliquots of the suspensions of each strain were spotted onto agar plates. Plates were sealed with Parafilm and incubated for up to 21 days, after which growth was scored based on colony size. Growth in the presence of ethanol was tested in YPGlucose media supplemented with 11% ethanol. One-microliter of media was inoculated with the overnight pre-cultures to a starting OD600 of 0.05. Cultures were incubated at 25 • C for 4 days, after which the optical densities of the cultures were measured.
100 mL-Scale Wort Fermentations 100 mL-scale fermentations were carried out in 250 mL Erlenmeyer flasks capped with glycerol-filled airlocks. Yeast strains were grown overnight in 50 mL YP-Maltose at 24 • C. The pre-cultured yeast was then inoculated into 100 mL of 15 • P allmalt wort at a rate of 10 × 10 6 viable cells mL −1 . Fermentations were carried out in duplicate at 12 and 20 • C for 16 and 10 days, respectively, and these were monitored daily by mass lost as CO 2 . Samples for sugar, ethanol, and yeast-derived flavor compounds analysis were drawn from the beer when fermentations were ended. Yeast dry mass was determined from centrifuged and twice washed samples that were dried overnight at 105 • C.
Chemical Analysis of Wort and Beer
Concentrations of fermentable sugars (maltose and maltotriose) were measured by HPLC using a Waters 2695 Separation Module and Waters System Interphase Module liquid chromatograph coupled with a Waters 2414 differential refractometer (Waters Co., Milford, MA, United States). An Aminex HPX-87H organic acid analysis column (300 × 7.8 mm, Bio-Rad) was equilibrated with 5 mM H 2 SO 4 (Titrisol, Merck, Germany) in water at 55 • C and samples were eluted with 5 mM H 2 SO 4 in water at a 0.3 mL/min flow rate. The alcohol level (% v/v) of samples was determined from the centrifuged and degassed fermentation samples using an Anton Paar Density Meter DMA 5000 M with an Alcolyzer Beer ME module (Anton Paar GmbH, Austria).
Yeast-derived higher alcohols and esters were determined by headspace gas chromatography with flame ionization detector (HS-GC-FID) analysis. 4 mL samples were filtered (0.45 µm), incubated at 60 • C for 30 min and then 1 mL of gas phase was injected (split mode; 225 • C; split flow of 30 mL min −1 ) into a gas chromatograph equipped with an FID detector and headspace autosampler (Agilent 7890 Series; Palo Alto, CA, United States). Analytes were separated on a HP-5 capillary column (50 m × 320 µm × 1.05 µm column, Agilent, United States). The carrier gas was helium (constant flow of 1.4 mL min −1 ). The temperature program was 50 • C for 3 min, 10
and then isothermal for 1 min. Compounds were identified by comparison with authentic standards and were quantified using standard curves. 1-Butanol was used as internal standard.
Flocculation Assay
Flocculation of the yeast strains was evaluated using a modified Helm's assay essentially as described by D' Hautcourt and Smart (1999) . Yeast strains were grown overnight in 50 mL YP-Glucose at 24 • C. The yeast was washed twice with 0.5 M EDTA (pH 7) to break the cell aggregates and then diluted to an OD600 of 0.4. Flocculation was assayed by first washing yeast pellets with 4 mM CaCl 2 solution and resuspending them in 1 mL of flocculation solution containing 4 mM CaCl 2 , 6.8 g/L sodium acetate, 4.05 g/L acetic acid, and 4% (v/v) ethanol (pH 4.5). Yeast cells in control tubes were resuspended in 0.5 M EDTA (pH 7). After a sedimentation period of 10 min, samples (200 µL) were taken from just below the meniscus and dispersed in 10 mM EDTA (800 µL). The absorbance at 600 nm was measured, and percentage of flocculation was determined from the difference in absorbance between control and flocculation tubes. The assay was performed in triplicate.
Melibiase Activity of Yeast
Melibiase activity was tested based on the ability to form bluecolored colonies when grown in the presence of X-α-Gal (#16555 Sigma-Aldrich) (ASBC, 2011).
Dextrin Fermentation
The ability to ferment dextrin was tested in minimal growth media with dextrin as the sole carbon source. Strains were grown overnight in YP-Glucose, after which 2 mL microcentrifuge tubes containing 1 mL of dextrin media (0.67% YNB without amino acids, 1% dextrin from potato starch) were inoculated with 20 µL of the overnight cultures. The tubes were incubated at room temperature for 3 weeks, after which the refractive index of the culture media was measured with a Quick-Brix 90 digital refractometer (Mettler-Toledo AG, Switzerland). A decrease in refractive index indicated fermentation of dextrin. S. cerevisiae WLP590 (White Labs Inc, United States) and S. pastorianus VTT-A63015 (VTT culture collection, Finland) were included as positive and negative control strains, respectively. No change in refractive index was observed for the negative control strain. In addition, the presence of the STA1 gene was tested with PCR using primers SD-5A and SD-6B (Yamauchi et al., 1998) .
Phenolic Off-Flavor Assay
The ability to produce POF was tested using the absorbancebased method described in Mertens et al. (2017) . The test was performed in 2 mL microcentrifuge tubes containing 1 mL of media instead of 96-well plates as described in Mertens et al. (2017) .
Multiplex PCR With Species-Specific Primers
Amplification of the S. cerevisiae-specific MEX67 gene (amplicon size 150 bp), S. eubayanus-specific FSY1 gene (amplicon size 228 bp) and S. uvarum-specific DBP6 gene (amplicon size 275 bp) was performed with PCR using the ScerF2, ScerR2, SeubF3, SeubR2, SbayF1, and SbayR1 primers described by Muir et al. (2011) and Pengelly and Wheals (2013) .
PCR-RFLP of COX2 to Determine Origin of mtDNA in Hybrids
Amplification of the mitochondrial COX2 gene was performed with PCR using the COII-3 and COII-5 primers described by Belloch et al. (2000) . The amplicon size (656 bp) of both the S. cerevisiae-and S. uvarum-derived COX2 were of equal size, and they could therefore not be differentiated based on size. Digestion with the HaeIII restriction enzyme (New England Biolabs, United States) did not affect the S. cerevisiae-derived COX2 amplicon, but yielded a 75 bp smaller fragment (581 bp) for the S. uvarum-derived COX2 amplicon.
Genome Sequencing and Analysis
The "Muri" strain was sequenced by Biomedicum Genomics (Helsinki, Finland). In brief, DNA was initially isolated using Qiagen 100/G Genomic tips (Qiagen, Netherlands), after which an Illumina TruSeq LT paired-end 150 bp library was prepared for each strain and sequencing was carried out with a NextSeq500 instrument. Paired-end reads from the NextSeq500 sequencing were quality-analyzed with FastQC (Andrews, 2010) and trimmed and filtered with Cutadapt (Martin, 2011) . Reads were aligned to a concatenated reference genome of S. cerevisiae S288C (R64-2-1), S. eubayanus FM1318 (Baker et al., 2015) and S. uvarum CBS7001 (Scannell et al., 2011) using SpeedSeq (Chiang et al., 2015) . Quality of alignments was assessed with QualiMap (García-Alcalde et al., 2012). Variant analysis was performed on aligned reads using FreeBayes (Garrison and Marth, 2012) . Prior to variant analysis, alignments were filtered to a minimum MAPQ of 50 with SAMtools (Li et al., 2009 ). Variants at sites where read depth was below 10 were also excluded. Interchromosomal translocations were detected based on split reads with Manta (Chen et al., 2016) , and visualized with the "circlize" package in R (Gu et al., 2014) . The median coverage over 10,000 bp windows was calculated with BEDTools (Quinlan and Hall, 2010) and visualized in R. Gene ontology enrichment was performed with YeastMine (Balakrishnan et al., 2012) . The raw sequencing reads are available in the NCBI's Short Read Archive under BioProject PRJNA475668 in the NCBI BioProject database 1 .
Phylogenetic Analysis
Prior to phylogenetic analysis, consensus genotypes of the S. cerevisiae and S. uvarum sub-genomes of the Muri strain were called from the identified variants using BCFtools (Li, 2011) . Regions where the sequencing coverage was below 10 were excluded from the consensus genotypes. Genome assemblies of the 157 S. cerevisiae strains described in Gallone et al. (Gallone et al., 2016) were retrieved from NCBI (BioProject PRJNA323691). Consensus genotypes of 61 S. uvarum and hybrid strains described in Almeida et al. (2014) were kindly provided by José Paulo Sampaio. Multiple sequence alignment of the consensus genotype of the S. cerevisiae sub-genome of Muri and the 157 S. cerevisiae assemblies was performed with the NASP pipeline (Roe et al., 2016) using S. cerevisiae S288C (R64-2-1) as the reference genome. A matrix of single nucleotide polymorphisms (SNP) in the 159 strains was extracted from the aligned sequences. The SNPs were annotated with SnpEff (Cingolani et al., 2012) and filtered as follows: only sites that were in the coding sequence of genes, present in all 159 strains and with a minor allele frequency greater than 1% (one strain) were retained. The filtered matrix contained 3753194 SNPs (129434 sites). A maximum likelihood phylogenetic tree was estimated using IQ-TREE (Nguyen et al., 2015) . IQ-TREE was run using the "GTR + F + R4" model and 1000 ultrafast bootstrap replicates (Minh et al., 2013) . The resulting maximum likelihood tree was visualized in FigTree and rooted with S. paradoxus CBS432 (Yue et al., 2017) . The above steps from multiple sequence alignment onward were repeated with the consensus genotypes of the S. uvarum strains (Almeida et al., 2014) and the S. uvarum sub-genome of Muri using S. uvarum CBS7001 as the reference genome (Scannell et al., 2011) . The filtered matrix contained 2189200 SNPs (352638 sites).
Data Visualization and Analysis
Data and statistical analyses were performed with R 2 . Z-scores (z) of the phenotypic traits were calculated as z = (x−µ)/σ, where x is value of a trait for a particular strain, µ is the mean value of that trait in all strains, and σ is the standard deviation of that trait in all strains. Heat maps with hierarchical clustering and optimal leaf ordering of the strains were generated based on the z-scores with the "seriation" package (Hahsler et al., 2008) . Principal component analysis (PCA) was also performed on the set of z-scores. Prior to PCA, the z-scores from the concentrations of aroma compounds were scaled based on their flavor threshold as µ/C threshold , where µ is the mean concentration of that compound in all strains, and C threshold is the aroma threshold of that compound (Meilgaard, 1982) . This weighting was performed so that aroma compounds with concentrations much below the aroma threshold would have less impact on the PCA. Flow cytometry data was analyzed with "flowCore" (Hahne et al., 2009 ) and "mixtools" (Benaglia et al., 2009) packages. Plots were produced in R and FigTree.
Data Availability
The Illumina reads generated in this study have been submitted to NCBI-SRA under BioProject number PRJNA475668 in the NCBI BioProject database (see footnote 1).
RESULTS
Analysis of the Muri Genome
The genetic and phenotypic diversity of a range of Norwegian farmhouse brewing strains, i.e., kveik strains, was recently explored by Preiss et al. (2018) . Sequencing of the ITS region identified the vast majority of the isolates as S. cerevisiae. However, one isolate, i.e., the Muri strain that is investigated in this study, was identified as a S. bayanus-type hybrid.
2 http://www.r-project.org/ To further characterize the genetic background of the Muri strain, we initially tested the species-specific multiplex PCR primer set described by Muir et al. (2011) and Pengelly and Wheals (2013) . These primers yielded bands for S. cerevisiae, S. eubayanus, and S. uvarum ( Figure 1A) . Flow cytometry analysis further revealed that the Muri strain is approximately diploid (Figure 1B) . We then sequenced the genome of the Muri strain with 150 bp paired-end Illumina sequencing. Based on the results from the species-specific primers, we first aligned the trimmed sequencing reads to a concatenated reference genome of S. cerevisiae S288C, S. eubayanus FM1318, and S. uvarum CBS7001 (Figure 1C) . The alignment (263 × coverage and 97.3% mapped reads) suggested that the Muri strain is an allodiploid S. cerevisiae × S. uvarum hybrid, containing introgressions from S. eubayanus (Supplementary Data S2) . Using Manta, we identified that the majority of these S. eubayanus introgressions were in the S. uvarum sub-genome ( Figure 1D and Supplementary Figure S1) . Interestingly, S. uvarum chromosome 9 appears to be a chimeric chromosome, where the right arm has been replaced by that of S. eubayanus chromosome 9 (the breakpoints identified by Manta are at positions 196846 and 180023 bp in the S. uvarum and S. eubayanus sequences, respectively). In addition, there were substantial contributions from S. eubayanus chromosomes 2, 4, 7, and 16 ( Figure 1D and Supplementary Data S2). The mitochondria appeared to be of S. uvarum origin based on sequencing coverage when reads were aligned to the mitochondrial DNA (mtDNA) of S. cerevisiae, S. eubayanus, and S. uvarum (Supplementary Table S1 and Supplementary Figure S4C) .
Single nucleotide polymorphism (SNP) analysis of the aligned sequencing reads of the Muri strain revealed 48983 and 26439 SNPs in the haploid S. cerevisiae and S. uvarum subgenomes, respectively, compared to the reference genomes. Allele frequency distributions of the SNPs suggest a single allele at each site, supporting the flow cytometry results of two haploid subgenomes (Supplementary Figure S2) . Consensus sequences of both sub-genomes were then produced from these SNPs (regions where coverage was below 10× were excluded). In order to identify S. cerevisiae and S. uvarum strains closely related to the parent strains of the Muri hybrid, we performed multiple sequence alignment, SNP identification and phylogenetic analysis using the NASP pipeline and IQ-TREE with the consensus sequences and 157 S. cerevisiae genome assemblies obtained from Gallone et al. (2016; Bioproject PRJNA323691) , as well as 61 S. uvarum consensus sequences obtained from Almeida et al. (2014; Bioproject PRJNA230139) . The inferred maximumlikelihood tree of the S. cerevisiae genomes, based on 129434 polymorphic sites, suggests that the S. cerevisiae sub-genome of the Muri strain belongs to a lineage of beer yeasts ["Beer 2" from Gallone et al. (2016) or "Mosaic Beer" from Peter et al. (2018) ], with its closest relatives being ale yeasts (e.g., Beer059 and Beer032) from the United Kingdom (Figure 2A) . These ale yeasts are characterized by good ethanol tolerance and production, as well as high flocculation (Gallone et al., 2016) . In addition, many of these strains carry the STA1 gene, encoding an extracellular glucoamylase that can cause superattenuation during beer fermentation (Yamashita et al., 1985) , as Frontiers in Microbiology | www.frontiersin.orgFIGURE 2 | Phylogeny of Muri's sub-genomes and the 157 S. cerevisiae strains described in Gallone et al. (2016) and 61 S. uvarum and hybrid strains described in Almeida et al. (2014) . (A) Maximum likelihood phylogenetic tree based on SNPs at 129434 sites in 158 S. cerevisiae genomes (rooted with S. paradoxus as outgroup). (B) Maximum likelihood phylogenetic tree based on SNPs at 352638 sites in 62 S. uvarum and hybrid genomes (rooted with the Australasian strains as outgroup). Black dots on nodes indicate bootstrap support values >95%. Branches are colored according to lineage, and the names of strains used in this study (see Table 1 ) are colored (Muri, red; S. cerevisiae, blue; S. uvarum, purple; and Hybrids, green). Branch lengths represent the number of substitutions per site. Root branch lengths have been artificially shortened to improve the clarity of the trees.
was revealed by a BLAST search of the genome assemblies (data not shown) and using PCR (Supplementary Figure S3A) . The STA1 gene was also identified in the Muri strain (Supplementary Figure S3) . Clustering within the "Beer 2" yeasts, which have an estimated common ancestor at the end of the 17 th century (Gallone et al., 2016) , would suggest a recent hybridization event for Muri. Likewise, the inferred maximum likelihood tree of the S. uvarum genomes, based on 352638 polymorphic sites, suggests the S. uvarum sub-genome of the Muri strain belongs to the Holarctic lineage (Almeida et al., 2014) , with its closest relatives being domesticated Central European strains used in cider and wine fermentation ( Figure 2B) . Interestingly, the S. uvarum sub-genome of the Muri hybrid was closely related to the S. uvarum sub-genome of the CBS8614 triple hybrid (S. cerevisiae × S. kudriavzevii × S. uvarum). This triple hybrid was isolated from homemade apple cider produced in Brittany, France (Masneuf et al., 1998; Groth et al., 1999) .
Phenotypic Analysis of Muri and Closely Related Strains
Four S. cerevisiae strains, three S. uvarum strains, and three interspecific hybrids that were genetically closely related to the Muri hybrid were obtained ( Table 1) . A comparative phenotypic analysis was performed on these eleven strains. Thirty-five traits were analyzed, including growth at various temperatures and on various carbon sources, fermentation performance in wort, and formation of aroma-active compounds. Hierarchical clustering with optimal leaf ordering based on the z-scores observed for the 35 traits grouped the 11 strains into three groups: one with the S. cerevisiae strains, one with the majority of the hybrid strains, and one with the S. uvarum strains and hybrid C997 (Figure 3) . PCA on the same dataset also clustered the strains into the same three groups, with the exception that hybrid C997 was a clear outlier (Figure 4) . The S. cerevisiae strains were separated from the S. uvarum strains along the first principal component, explaining 55% of the variance, while hybrids, with the exception of C997, grouped between them.
As was expected based on their brewing origin, the S. cerevisiae strains were associated with high flocculation, good fermentation performance in wort, high production of aroma compounds, and good growth at high temperatures and in 11% ethanol. The S. uvarum strains on the other hand were associated with good growth at lower temperatures and with melibiose as the sole carbon source. The hybrid strains tended to exhibit intermediate scores for the traits. Interestingly, the S. cerevisiae and S. uvarum strains that appeared most similar to the Muri hybrid based on the PCA (i.e., the shortest Euclidean distance to Muri in the first two principal components), A241 (Beer059) and C995 (ZP646), respectively, were also the strains that phylogenetically clustered closest to Muri's sub-genomes (Figure 2) .
Recreating the Muri Strain Through Interspecific Hybridization
In an attempt to recreate the Muri hybrid, de novo interspecific yeast hybrids between S. cerevisiae A241 and S. uvarum C995 were generated by mating. Spore-to-spore mating was chosen over rare mating as the hybridization approach, since the resulting hybrids tend to be allodiploid. High sporulation efficiency was obtained for both parent strains, and a total of 12 confirmed hybrids were obtained from 60 attempted crosses. Hybrid confirmation was performed on single cell isolates (obtained from re-streaking colonies three times) using ITS-PCR with HaeIII digestion and species-specific primers (Supplementary Figure S4) . The four fastest growing hybrids were selected for further analysis (listed in Table 1 ).
In order to test how phenotypically similar the de novo hybrids were to the Muri hybrid, the comparative phenotypic analysis performed above was repeated with the four de novo hybrids, their parent strains, and the Muri hybrid. Hierarchical clustering with optimal leaf ordering based on the z-scores observed for FIGURE 3 | Heat map of 35 brewing-relevant phenotypic traits in S. cerevisiae, S. uvarum, and natural hybrid strains. The heat map was generated based on the z-scores (blue and red indicate low and high values, respectively). Strains were clustered using hierarchical clustering with optimal leaf ordering. 34 traits (ethyl octanoate concentrations from fermentations at 12 • C were excluded because these compounds weren't detected for multiple strains) grouped the de novo hybrids close to the S. uvarum C995 parent, while Muri was grouped with the S. cerevisiae A241 parent (Figure 5) . PCA on the same dataset revealed that the de novo hybrids grouped with the Muri hybrid (Figure 6) . The two parent strains were separated from each other along the first principal component, explaining 57% of the variance, while both Muri and the de novo hybrids grouped between them. The hybrids were separated from the parent strains along the second principal component, explaining 16% of the variance. The hybrid strains tended to show intermediate scores in the majority of the traits, while best-parent heterosis was observed for biomass formation and ability to grow in the presence of 11% ethanol. The de novo hybrids had also inherited the STA1 gene and the ability to ferment dextrin from S. cerevisiae A241 (Supplementary Figure S3B) . Across the studied set of phenotypic traits, the de novo hybrids 4B and 13C were more similar to Muri than either of the parent strains (Supplementary Table S2 ).
While the de novo hybrids performed similarly to Muri, there were differences in their performances, particularly during the low-temperature wort fermentations (Figure 5) . Interestingly, despite growing well at 4 and 12 • C, the de novo hybrids fermented wort slowly at 12 • C. Furthermore, slight variation between the four de novo hybrids was also observed. Hybrid 13C, for example, was the only of the de novo hybrids which used maltotriose as efficiently as the A241 parent strain (Figure 5) . We detected 23953 and 1490 heterozygous variants in the S. cerevisiae A241 (sequencing reads obtained from NCBI-SRA SRR5688171) and S. uvarum C995 (sequencing reads obtained from NCBI-SRA SRR1119163) parent strains, respectively. Of these, 10033 and 980, respectively, were detected in Muri as well. Therefore, one would expect spore siblings, and any resulting hybrids, to vary genetically and phenotypically. In addition, some diversity between the Muri hybrid and the de novo hybrids is also expected based on the sequence divergence between Muri's sub-genomes and the parent strains A241 and C995. In the S. cerevisiae sub-genome of Muri, a total of 2623 missense and nonsense mutations were identified that were not present in A241, while A241 contained 2128 missense and nonsense mutations not present in Muri. Gene ontology enrichment of the list of genes that these mutations affected revealed that, compared to A241, Muri appeared to be affected by mutations in genes related to regulation ( Supplementary Table S3 ). Similarly, 3413 unique missense and nonsense mutations that were not present in C995 were identified in the S. uvarum sub-genome of Muri. The inheritance of mtDNA also varied between the four de novo FIGURE 5 | Heat map of 34 brewing-relevant phenotypic traits in Muri, de novo hybrid and parent strains. The heat map was generated based on the z-scores (blue and red indicate low and high values, respectively). Strains were clustered using hierarchical clustering with optimal leaf ordering. hybrids (Supplementary Figure S4C) . Hybrid 6A had inherited mtDNA from the S. uvarum parent strain, while the other three strains had inherited mtDNA from the S. cerevisiae parent strain.
DISCUSSION
While natural S. cerevisiae × S. eubayanus and S. cerevisiae × S. kudriavzevii interspecies hybrids are frequently used in beer fermentations (González et al., 2008; Gibson and Liti, 2015) , limited reports exist describing the use of S. cerevisiae × S. uvarum hybrids in brewing.
Here we characterize and attempt to reconstruct a unique S. cerevisiae × S. uvarum natural hybrid, Muri, that was isolated from a Norwegian farmhouse brewing culture. Whole genome sequencing and phylogenetic analysis revealed that the Muri hybrid's sub-genomes appeared to be closely related to domesticated S. cerevisiae and S. uvarum strains of British and Central European origin isolated from beer, cider and wine. Since the yeast was reportedly revived from an old yeast stock at the farmhouse (Garshol, 2013) , we cannot exclude the possibility that the hybrid or one of its parents is a wild or contaminant yeast. However, the occurrence of wild Saccharomyces yeasts in Norway remains unexplored and no such strains are available for comparison. Interestingly, the S. cerevisiae sub-genome of the Muri strain does not appear to be related to other "kveik" isolates, which appear to be of "Beer 1" lineage rather than "Beer 2" (Preiss et al., 2018) . It is therefore possible that the hybridization event to form Muri has occurred elsewhere, rather than at the farmhouse, or that not all kveik yeasts share the same ancestry. The allodiploid nature of Muri and the lack of structural rearrangements between the S. cerevisiae and the non-S. cerevisiae sub-genomes, are in contrast to that of other industrially used interspecific hybrids such as lager yeasts, which have been shown to exhibit considerable chromosomal copy number variations and rearrangements (van den Broek et al., 2015) . This, together with "Beer 2" lineage of the S. cerevisiae sub-genome, suggests a more recent hybridization event in Muri compared to lager yeasts.
The Muri hybrid exhibited a range of phenotypic properties desirable for brewing. These included tolerance to both low and high temperatures, tolerance to a high ethanol concentration, efficient use of maltotriose, and formation of desirable aromaactive esters. In addition, the Muri hybrid possessed the STA1 gene, encoding an extracellular glucoamylase enzyme (Yamashita et al., 1985) , allowing it to utilize dextrin. This is a fairly unique property in brewing yeast and generally linked with beer spoilage (Meier-Dörnberg et al., 2018) . However, it does allow for higher ethanol yield and the production of low-carbohydrate beer. The phenotype of Muri also makes it a potential candidate for other industrial fermentations, such as biofuel production or distilling, where good stress tolerance and high ethanol yield are desirable (Steensels et al., 2014b) . Muri is not, however, a suitable candidate for lager beer production, as it possesses functional PAD1 and FDC1 genes. This allows it to produce POF, which are undesirable in lager beer. Interestingly, S. cerevisiae A241 (Beer059) did not produce POF as a result of premature stop codons in both PAD1 and FDC1 (Gallone et al., 2016) . It would therefore be possible to construct POF-negative de novo hybrids with rare mating and sporulation using a fertile allotetraploid intermediate, as has been demonstrated with S. cerevisiae × S. eubayanus hybrids .
In an attempt to reconstruct the Muri hybrid, we generated de novo hybrids between S. cerevisiae A241 and S. uvarum C995. As was expected based on previous research (Bellon et al., 2011; Dunn et al., 2013; Steensels et al., 2014a; Krogerus et al., 2015; Mertens et al., 2015; Snoek et al., 2015) , these hybrids inherited traits from both parent strains. These hybrids also appeared to successfully replicate the phenotype of Muri, with the exception of efficient wort fermentation at 12 • C. It is likely that this is a result of impaired maltose transport, and the absence of coldtolerant maltose permeases (Vidgren et al., 2010) . This variation could also result from heterozygosity in the parent strains and sequence divergence relative to Muri's sub-genomes. In addition, the origin of mtDNA in the de novo hybrids could influence their fitness (Wolters et al., 2018) . The mtDNA in Muri appears to be from S. uvarum, while the majority of the de novo hybrids had inherited mtDNA from the S. cerevisiae parent. However, no obvious associations between the mitotype and phenotype were observed among the de novo hybrids. Recent studies with laboratory-generated S. cerevisiae × S. uvarum hybrids have revealed that transmission of mtDNA tends to be uniparental and a S. cerevisiae origin appears more common (Origone et al., 2018; Verspohl et al., 2018) . However, mtDNA transmission appears strain-dependent.
A further potential cause of deviation between Muri and the de novo hybrids, is the impact of S. eubayanus introgressions. These introgressions are common in Holarctic S. uvarum strains, but the introgressed regions differ significantly depending on substrate origin and appear more common in domesticated strains (Almeida et al., 2014; Albertin et al., 2018) . For example, an introgressed region (40 kb) from the left arm of S. eubayanus chromosome IV containing FSY1, a gene that enables efficient fructose transport, was detected in Muri, but not in S. uvarum C995 or any other S. uvarum strain studied by Almeida et al. (2014) . The S. eubayanus-specific primers described by Pengelly and Wheals (2013) were designed based on the S. eubayanus allele of FSY1, which explains the PCR band for S. eubayanus that was detected in Muri ( Figure 1A) . The phenotypic impacts of S. eubayanus introgressions in S. uvarum have not yet been elucidated, but Albertin et al. (2018) speculate that they could be the most important source of genetic and phenotypic variability in Holarctic S. uvarum strains. These impacts should therefore be clarified in future studies. Furthermore, the use of long read sequencing technologies (e.g., PacBio or Nanopore) could also be applied to the Muri hybrid to generate end-to-end genome assemblies (Yue et al., 2017) in order to improve the detection of structural rearrangements and features not present in the reference genomes.
The approach used here, i.e., combining phylogenetic and phenotypic analysis to aid in reconstructing a natural hybrid, could be particularly useful if applied to lager yeast. While no single strain has yet been identified as the potential S. cerevisiae ale parent of lager yeast, recent whole genome studies suggest that the last common ancestor of the S. cerevisiae sub-genome of lager yeasts is found among the "Beer 1" or "Ale beer" yeasts, close to the German wheat beer strains (Gonçalves et al., 2016; Monerawela and Bond, 2018) . Such de novo hybrids could be used in evolutionary engineering studies to investigate which environmental conditions cause genomic changes that mimic those that have occurred in natural lager yeast. Saaz-type lager yeast, for example, have retained a larger fraction of the S. eubayanus sub-genome than the S. cerevisiae sub-genome (Dunn and Sherlock, 2008; Okuno et al., 2015) , and it is still unclear how the environment has impacted its evolution. Evolutionary engineering studies with de novo interspecific hybrids have shown that either of the parental sub-genomes may be preferentially retained during stabilization (Piotrowski et al., 2012; Dunn et al., 2013; Lopandic et al., 2016; Smukowski Heil et al., 2017; Krogerus et al., 2018) , and a stressful environment may cause more drastic changes. Exposing S. cerevisiae × S. uvarum hybrids to high temperatures resulted in the loss of the heat-sensitive S. uvarum sub-genome (Piotrowski et al., 2012) , while exposing S. cerevisiae × S. eubayanus hybrids to high ethanol concentrations resulted in a greater loss of the S. eubayanus sub-genome . Evolutionary engineering of de novo hybrids constructed from the last common ancestors of natural lager yeasts' sub-genomes could therefore help elucidate how various environmental stresses and nutrient limitations have shaped their genomes.
CONCLUSION
In conclusion, we show that the Muri hybrid that was isolated from a Norwegian farmhouse beer is an allodiploid S. cerevisiae × S. uvarum hybrid. Phylogenetic analysis of the sub-genomes of this hybrid indicated that its S. cerevisiae parent was of brewing origin. The Muri strain possesses a range of industrially desirable phenotypic properties, making it an interesting candidate for not only brewing applications, but potentially various other industrial fermentations, such as biofuel production and distilling. In addition, we show that it is possible to mimic the phenotype of this natural hybrid, by constructing de novo hybrids using parent strains closely related to Muri's sub-genomes. This novel approach to studying natural hybrid strains has uses in both strain development and elucidating the evolutionary history of natural hybrids.
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